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manufacturing reproducible silicon nanowires using fine-tuned Sn nanoparticles for possible solar cell applications.
Introduction
The search for sustainable renewable energy sources that can form part of a comprehensive approach to solving the world's current energy needs has recently been focused on the use of photovoltaic (PV) solar cells. Currently, the PV solar cells in common use are based on silicon (Si) materials and have been employed since the early 1950's [1] . However, recent investigations have focused on improving the conversion efficiency of the electrical energy produced per unit of solar radiation for these devices [2] . The properties of crystalline Si have been extensively studied and exploited by the semiconductor industry for the manufacture of PV solar cells for many years [3] . But, because of the significant cost and low availability of solar-grade PV crystalline-Si based solar cells; cheaper amorphous silicon-based cells are generally used. This is despite amorphous Si having a lower efficiency and suffering from photo-degradation effects [4] .
The general shortage of solar-grade Si coupled with the high cost of manufacturing PV cells has demanded a more efficient use of Si in solar cells. To address this problem thinner Si wafers (4 m) have been designed by the solar PV industry [5] .
This technological trend towards thinner wafers will continue, but the manufacturing techniques required for these thin wafers are challenging [6] . Muller et al. recently reported on the trend to fabricate silicon-photovoltaic (Si-PV) cells with even thinner layers of silicon and discussed the possibility of using nanometer thick devices in advanced PV cells [7] .
In recent years, developments in nanotechnology have produced new materials with novel properties that can be used to produce superior PV cells. One-dimensional nanomaterials, such as Si, have demonstrated unique physical and chemical properties. These properties include size-confinement effects [8] , strong infrared absorption [9] and a high sensitivity to conductance [10] . For example, this high sensitivity to conductance has greatly enhanced the application of nano Si as a biosensing device [11] . These distinctive properties of one-dimensional materials, (when compared to their bulk counterparts) makes them commercially valuable for novel applications. One area of current interest is the application of Si nanostructures for the manufacture of solar cells. Leiber's group recently investigated and demonstrated the application of SiNWs for the manufacture of nanowire electronics and photonic devices was feasible. Furthermore, their unique properties were diagnosed to be superior, in comparison to the current amorphous and crystalline Si counterparts [12] . Subsequent testing, resulted in a relatively low energy efficiency value of 1.9%, when the cell was illuminated by a 100 m Wcm -2 light source. Further investigation of this low efficiency revealed that the gold (Au) catalyst used to produce the SiNWs had interfered with the device's characteristics [14] .
In 1964, Wagner and Ellis were the first to explore and explain the metal catalytic growth of SiNWs using the vapour-liquid-solid (VLS) mechanism ( Figure 1 ) [16] .
Recently, Lee et al. demonstrated an alternative SiNW growth model that followed a solid-solid growth mechanism that incorporated a titanium nitride substrate [17] . In the majority of cases, the catalytic metal used for the growth of SiNWs is Au.
However, metals such as tin (Sn) [18] , nickel (Ni) [19] and iron (Fe) [20] have also displayed similar catalytic effects. To date, several techniques have been used to produce SiNWs. These include laser ablation [21] , chemical vapor deposition (CVD) [22] , thermal evaporation [20] , electrolytic methods [23] and even growth from an organic solution [9] . For example, Gunawan and Guha were able to grow SiNWs using the VLS method and then demonstrate the improved performance of solar cells that were built from the resulting SiNWs [24] . Traditionally, Au is the catalytic metal used for growing SiNWs in a CVD process. This is because the eutectic temperature of the Au-Si alloy is relatively low (363°C) [25] . The advantage of using an Sn-Si alloy comes firstly from its lower eutectic temperature of 232°C [18] and secondly, from the lower contamination rate during the manufacture of the SiNWs [24] .
Micro emulsions and reverse micellar solutions have been thoroughly investigated for the manufacture of nanomaterials [26] [27] [28] . Both techniques offer significant advantages, the first being that they are both fairly simple to produce in a general laboratory. The second lies in the fact that the experiments are robust and can be easily quantified. And thirdly, the reaction can be carried out at room temperature and pressure. Above all, the size-diversity of the final product can be controlled and can also be scaled-up. This is an important feature that can assist in the mass production of large quantities of nanostructured materials for a wide range of commercial applications. To date, the reverse micelle (RM) technique has been used in the manufacture of numerous devices and applications. Typical examples include carbon monoxide detection [29] , purification [30] , extraction systems [31] , pharmaceutical [32] and electronic devices [33] .
In the present work, we investigate the direct application of an Sn salt as a nanocatalytic metal precursor for the manufacture of SiNWs. In addition, we use the RM technique to fine-tune the size of the metallic Sn nanoparticles that will ultimately dictate the final size of the SiNWs and provide a more economical route for the manufacture of SiNWs. Figure 2 presents a schematic representation of the fabrication process. 
Materials and methods

Materials
Commercially 
Instruments and measurements
The structural and morphological features of the dispersed Sn nanoparticles and
SiNWs were investigated using both FE-SEM and TEM. All FE-SEM scans were taken using a high resolution field emission Zeiss 1555 VP-FESEM at 3 kV with a 30
µm aperture under 1x10 -10 Torr pressure. TEM scans were taken using a Philips CM100 Twin TEM operating at a pressure of 1x10 -8 Torr and a voltage of 80 kV.
Raman spectra of the samples were recorded using a LABRAM model 2B dispersive
Raman spectrophotometer, equipped with a 2 mV Helium-Neon ( = 632 nm) laser.
All spectra were collected between 4000 cm -1 and 125 cm -1 with a diffraction grating of 600 lines per mm.
The dynamic light scattering (DLS) technique was used to investigate the Sn nanoparticles that were dispersed in ethanol. The detector used was a Malvern
Zetasizer 3000 HAS (UK) (633 nm) operated at 25 ˚C.
AFM imaging of the SiNWs was carried out first by dropping a few drops of an ethanol solution containing the nanowires onto a freshly cleaved mica substrate and then allowing the solution to evaporate. The dried SiNW coated mica substrate was then imaged using a Digital Instruments Dimension 3100 Nanoman (California, USA)
AFM. The probes used during the scanning mode were silicon Tapping Mode, type NCH (Nanoworld, Switzerland) with a spring constant of 42 N/m and a resonant frequency of 300 kHz. All AFM images were acquired in Tapping Mode operation.
Preparation of Sn nanoparticles
Sn nanoparticles were prepared using a water-in-oil micro emulsion procedure. The micro emulsion solution was composed of cetyltrimethylammonium bromide (CTAB)
as the cationic surfactant, n-butanol as the co-surfactant, n-hexane as the oil phase 
Preparation of Si nanowires
A borosilicate glass slide was thoroughly cleaned and then prepared as the substrate. The spin-coating technique was then used to deposit the Sn nanoparticles onto the substrate. The PECVD chamber, (containing an inert argon atmosphere)
was heated up to 340 ˚C while the internal pressure was regulated to 3 Torr. The silane gas was then slowly introduced into the chamber while the plasma source was operated at 30 Watts, (frequency 1000 Hz) for 40 seconds. Figure 2 presents a schematic diagram of the synthesis procedure.
Results and Discussion
The RM technique is a well-documented and applied procedure that uses a nano/micro reactor system to generate ultrafine particles through the creation of unique nano/micro pools containing reactants of controllable sizes. Under Brownian motion these pools collide, exchanging reactants and through repeated collisions form products [34, 35] .
In the present study, nanovolumes of an aqueous Sn solution (Sn 2+ As demonstrated, the RM technique has been used to fine-tune the size of the catalytic nanoparticles by first controlling the concentration of the Sn salt solution.
Hieda et al. recently demonstrated this effect of fine-tuning Au nanoparticles using an electrochemical procedure [36] . In the traditional synthetic micellar technique, the controlling parameter of the nanoparticle size is the nanopool size, which is changed by varying the surfactant to water ratio ( 0 = [H 2 O] / [surfactant]) [37] . In this work, it was found that by simply varying the Sn salt concentration in a fixed nanopool size ( 0 = 8.44) it was possible to control the size of the resulting Sn nanoparticles. Figure 5 . FESEM images of PECVD grown SiNWs using Sn nanoparticles as the catalytic material. Fig. 5a shows a dense coverage of curled nanowires over an area of several microns. Fig. 5b and Fig. 5c present high-resolution scans of the same nanowires. In addition, a size distribution is shown in Fig. 5C (inset).
The typical morphology of SiNWs produced using the PECVD method, from precursor Sn nanoparticles as the catalytic material were found to be curled and twisted ( Figure 5 ). This is unlike the SiNWs produced from an Au catalyst. In recent investigations, both Hourlier-Bahloul et al [38] and Meng et al [39] were able to grow nm. This size difference suggests the possibility of a nanowire cluster being formed from a single precursor Sn nanoparticle as the Sn-Si eutectic is being formed [40] . The TEM scans presented in Figure 6 show a cluster of nanowires ( Figure 6a ) and a high-resolution image of a single nanowire with its Sn head, (Figure 6b ). These images are similar and confirm the results of Albuschies et al. [8] who produced
SiNWs from Au catalysts using a low-pressure CVD process. It is also known that the diameter of a nanowire usually corresponds to the diameter of the precursor catalytic nanoparticle during VLS growth [41] . In the present study, the nanowires produced The Raman spectra of the synthesized SiNWs were investigated and the results are presented in Figure 8 . The spectra revealed three peaks, the first at 280 cm -1 , the second at 490 cm -1 and the third at 910 cm -1
. The 490 cm -1 peak was identified as the first order scattering of the optical phonons in the crystalline silicon [43] . The broader peaks at 280 cm -1 and 910 cm -1 were credited to the two transverse acoustic phonons and the two transverse optical phonons, respectively [44] . This preliminary study has investigated a new route for the production of Sncatalyzed SiNWs. In the first stage of the procedure a simple RM technique was used to create the Sn nanoparticles from a Sn salt solution. The diameters of the Sn nanoparticles were found to be proportional to the molar concentration of the aqueous Sn salt solution. Thus, the size of the Sn nanoparticles could be easily controlled and used as a controlling parameter for growing SiNW. In the second stage, the Sn nanoparticles were then used as the metal catalyst for the growth of large quantities of size controlled SiNWs can be manufactured. In comparison, this route is different to that taken in the hydrogen treatment of Au nanoparticles to produce Au-catalyzed SiNWs [18] . In addition to the one-dimensional SiNWs discussed here, Hochbaum et al. has shown that the roughen nature of the SiNWs could allow other interesting properties to be investigated [23] .
Summary
An alternative and economic method has been established for the synthesis of Sn nanoparticle catalysts, via the RM technique. The Sn catalysts are then used to grow SiNWs using the PECVD process. The RM technique has demonstrated that the nanoparticle size can be fine-tuned by simply manipulating the molar concentration of the Sn salt solution. The method presented in this article has the potential to initiate an exciting, economical and viable strategy for the design and manufacture of PV devices used in solar cell applications in the near future.
